Abstract. The Arctic Ocean accounts for only 4 % of the global ocean area, but it contributes significantly to the global carbon cycle. Recent observations of seawater CO 2 -carbonate chemistry in shelf waters of the western Arctic Ocean, primarily in the Chukchi Sea, from 2009 to 2011 indicate that bottom waters are seasonally undersaturated with respect to calcium carbonate (CaCO 3 ) minerals, particularly aragonite. Nearly 40 % of sampled bottom waters on the shelf have saturation states less than one for aragonite (i.e., aragonite < 1.0), thereby exposing the benthos to potentially corrosive water for CaCO 3 -secreting organisms, while 80 % of bottom waters present had aragonite values less than 1.5. Our observations indicate seasonal reduction of saturation states ( ) for calcite ( calcite ) and aragonite ( aragonite ) in the subsurface in the western Arctic by as much as 0.8 and 0.5, respectively. Such data indicate that bottom waters of the western Arctic shelves were already potentially corrosive for biogenic and sedimentary CaCO 3 for several months each year. Seasonal changes in are imparted by a variety of factors such as phytoplankton photosynthesis, respiration/remineralization of organic matter and air-sea gas exchange of CO 2 . Combined, these processes either increase or enhance in surface and subsurface waters, respectively. These seasonal physical and biological processes also act to mitigate or enhance the impact of Anthropocene ocean acidification (OA) on in surface and subsurface waters, respectively. Future monitoring of the western Arctic shelves is warranted to assess the present and future impact of ocean acidification and seasonal physico-biogeochemical processes on values and Arctic marine ecosystems.
Introduction
The release of anthropogenic carbon dioxide (CO 2 ) to the atmosphere and its uptake by the global ocean have significant implications for ocean chemistry and marine organisms and ecosystems. While the global ocean remains generally mildly alkaline at present, the uptake of anthropogenic CO 2 from the atmosphere into the ocean changes the chemical equilibria of the CO 2 -carbonate system of seawater, resulting in gradual acidification of seawater in a process termed ocean acidification (OA; Caldeira and Wickett 2003, 2005; Doney et al., 2009; Feely et al., 2009) . As the CO 2 content of seawater increases in response to uptake of anthropogenic CO 2 , readjustment of seawater CO 2 -carbonate equilibria results in the reduction of pH, carbonate ion concentration [CO 2− 3 ] and saturation state ( ) of calcium carbonate (CaCO 3 ) minerals such as calcite (i.e., calcite ) and aragonite (i.e., aragonite ). Such changes have been observed in the open ocean over the past thirty years, with the CO 2 partial pressure (pCO 2 ) of surface seawater increasing by > 30 %, while pH has decreased by ∼ 0.1 along with [CO 2− 3 ] and values for CaCO 3 minerals (Bates and Peters, 2007; SantanaCasiano et al., 2007; Dore et al., 2009; Gonzalez-Davila et al., 2010; Olafsson et al., 2009; Byrne et al., 2010; Bates et al., 2012) . In the open ocean of the North Pacific Ocean, uptake of anthropogenic CO 2 has been shown to reduce the saturation state of CaCO 3 minerals, with the result that the lysocline depth (where = 1) has shoaled by up to 100 m . In the coastal ocean, upwelling of CO 2 -rich subsurface waters has also been shown to bring low-pH 5282
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and -waters onto adjacent shelves (e.g., Fassbender et al., 2011; Mathis et al., 2012) .
Assessment of the future impact of ocean acidification on seawater CO 2 -carbonate chemistry such as pH and values for CaCO 3 minerals, and its implication for calcifying marine organisms and ecosystems, remains highly uncertain at present. A growing number of experimental and field ocean acidification studies show a variety of responses of marine organisms to increased pCO 2 and reduced pH/ /[CO 2− 3 ] conditions, especially amongst those taxa such as hard corals, echinoderms, bivalves and mollusks that secrete biogenic CaCO 3 as shells, skeletons or framework structures (e.g., Buddemeier et al., 2004; Fabry et al., 2008; Doney et al., 2009; Smith, 2009; Büdenbender et al., 2011; Ries, 2011) . There is much variability in response to OA even within individual taxa depending on life stage and other physico-biogeochemical factors such as light and nutrient concentrations (e.g., Andersson et al., 2011; Ries, 2011) . Seawater with low pH (e.g., < 7.7-7.9 in typical seawater) and CaCO 3 saturation states less than one (i.e., < 1) is potentially corrosive to biogenic and sedimentary forms of CaCO 3 such as calcite, high-Mg calcite and aragonite. Ocean acidification thus increases the potential for dissolution of CaCO 3 particularly in shallow shelf environments where dissolution of calcareous sediments can alter the buffer capacity of waters overlying such sediments. However, despite the emergence of ocean acidification as a potential problem of global significance, integrated studies of the interaction and feedbacks between ocean acidification, seawater CO 2 -carbonate chemistry, and natural/anthropogenically influenced physico-biogeochemical processes are in their infancy, particularly in the coastal ocean.
The Arctic Ocean -including the deep central basin and surrounding shallow shelf seas -has been identified as potentially vulnerable to the impacts of ocean acidification (e.g., Orr et al., 2005; Yamamoto-Kawai et al., 2009; Steinacher et al., 2009; . Recent observations, syntheses and model studies indicate that naturally low temperatures, pH and values of surface waters in the Arctic Ocean are conducive to earlier onset of ocean acidification this century -especially given anticipated further release of anthropogenic CO 2 to the atmosphere and its uptake by the global ocean (Solomon et al., 2007) -when compared to other open-ocean and coastal waters (e.g., Orr et al., 2005; Steinacher et al., 2009 ). The impact of ocean acidification on the Arctic Ocean is also likely to be highly synergistic with environmental changes associated with warming, rapid sea-ice loss, changes in seaice meltwater/freshwater inputs to the Arctic, and increased coastal erosion (e.g., ACIA, 2005; Serreze and Francis, 2006; Maslanik et al., 2007; McGuire et al., 2006 McGuire et al., , 2009 Pabi et al., 2008; Wang and Overland, 2009) .
Assessment of the present and future impact of ocean acidification in the Arctic Ocean is complicated by contradictory responses and feedbacks in response to change in the physical properties (e.g., circulation, warming, sea-ice loss) and biogeochemical processes (e.g., nutrient supply, rates of primary production and respiration, ecological changes) within the region . Field expeditions are difficult to conduct in the Arctic, but, nonetheless, there is growing evidence that low pH and (< 1) conditions exist in the Arctic Ocean at present. In the Arctic Ocean, waters that are undersaturated with respect to CaCO 3 minerals (i.e., low values < 1) have been observed in the subsurface halocline layer of the central basin waters for both calcite and aragonite (Jutterström and Anderson, 2005; Yamamoto-Kawai et al., 2009; Chierici and Fransson, 2009) . Similarly, low values (< 1) for both calcite and aragonite, and reduced buffering capacity of surface waters due to sea-ice melt water, have also been observed in the central basin during summertime (Yamamoto-Kawai et al., 2009 ). On the surrounding polar shelves, low-waters that are potentially corrosive to CaCO 3 (i.e., < 1) have been seasonally observed in several regions (during the sea-ice-free summertime), including (1) slope waters of the northern Chukchi Sea (e.g., ) and Beaufort Sea ; (2) in outflow waters of the Arctic in the Canadian Arctic Archipelago (Azetsu-Scott et al., 2010) ; and (3) as far south as the Bering Sea shelf .
In this study, we assess the present state of CaCO 3 saturation states, expressed as calcite and aragonite values, for surface and subsurface waters across the western Arctic Ocean (Fig. 1) . This includes the following regions: (1) the Pacific Ocean-influenced "inflow" shelf of the Chukchi Sea (Carmack and Wassmann, 2006) ; (2) "interior" shelves of the eastern East Siberian Sea (ESS) and western Beaufort Sea that are highly influenced by internal processes such as river freshwater inputs; and (3) the southern region of the deep Canada Basin (Fig. 1) . We use data collected as part of the recent RUSALCA (Russian-American Long-Term Census of the Arctic) and ICESCAPE (Impacts of Climate on the EcoSystems and Chemistry of the Arctic Pacific Environment) expeditions to the western Arctic Ocean from 2009 to 2011. These data are used to assess whether shelf bottom waters of the western Arctic are potentially seasonally corrosive to CaCO 3 minerals. In the period of 2002-2004, repeat seasonal observations during the Shelf-Basin Interactions (SBI) project showed that pH values were lower than 8.0 and values for aragonite were < 1 in subsurface waters on the northern slope of the Chukchi Sea but not across the shelf region . Here, we examine using seawater CO 2 -carbonate data whether bottom waters with low pH and are present across much of the shelf areas of the western Arctic Ocean, thereby providing an assessment of the present-day seasonal exposure of the seafloor benthos to bottom waters that are corrosive for CaCO 3 shells and skeletons.
Furthermore, we examine the interactions and feedbacks between seawater CO 2 -carbonate chemistry and physical, biological and chemical processes in the western Arctic Ocean. While many studies have examined the impact of physical processes (e.g., warming/cooling, circulation) and the biological pump (e.g., production, respiration, calcification) on dissolved inorganic carbon (DIC), total alkalinity (TA) and pCO 2 , particularly in coastal environments, there have been far fewer studies of impacts on pH and CaCO 3 saturation states. The Chukchi Sea has rare characteristics for a coastal shelf sea. Physiogeographically, it is an inflow shelf (sensu Carmack and Wassmann, 2006) with a primarily unidirectional water flow northward towards the pole. It is highly influenced by seasonal sea-ice cover and river freshwater inputs and has high nutrient supply and rates of primary production during the seasonally sea-ice-free period. In this region, multiple physico-biogeochemical processes significantly impact seawater CO 2 -carbonate chemistry (e.g., pCO 2 , pH and ) and include the following: marine ecosystem photosynthesis and respiration (or net community production that includes primary production and remineralization of organic carbon), air-sea CO 2 gas exchange, warming and sea-ice loss, and changes in the inputs of terrestrial freshwater and organic carbon. When integrated, these processes act to either mitigate or enhance the impact of anthropogenic ocean acidification -resulting from uptake of anthropogenic CO 2 from the atmosphere -in surface and subsurface waters, respectively, of the Arctic Ocean.
Methods

Sampling
Several thousand seawater carbonate chemistry samples were collected in total from three summertime cruises from 2009 to 2011 in the western Arctic Ocean from multiple CTDhydrocast stations across the shelves of the Chukchi Sea (including Bering Strait), eastern East Siberian Sea, western Beaufort Sea, and deep Canada Basin (Fig. 1) . The shipboard expeditions included the following cruises: (1) RUSALCA 2009 (4-29 September 2009); (2) ICESCAPE 2010 (18 June to 16 July 2010); and (3) ICESCAPE 2011 (28 June to 24 July 2011). At each CTD-hydrocast station, seawater samples were collected for TA and DIC, as well as complementary data (e.g., temperature, salinity, inorganic nutrients). Samples for TA and DIC were collected according to Dickson et al. (2007) .
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Sample analyses
Samples from the RUSALCA 2009 cruise were analyzed at the Bermuda Institute of Ocean Sciences (BIOS), while ICESCAPE cruise samples were analyzed on board (TA in 2010; TA and DIC in 2011) . Replicate samples from the ICESCAPE cruises were also analyzed at BIOS. TA and DIC analyses followed methods described by Dickson et al. (2007) . The TA of seawater samples was determined by a highly precise (< 1-1.5 µmol kg −1 ; ∼ 0.05-0.07 %) potentiometric titration (e.g., Bates et al., 1996; Dickson et al., 2007 ) using a VINDTA instrument (Versatile Instrument for Determination of Titration Alkalinity; manufactured by Marianda Co, Kiel, Germany). The DIC of seawater samples was determined using a standard highprecision (< 0.6 µmol kg −1 ; ∼ 0.05 %) coulometric method using a VINDTA 3C system (Bates et al., 1996; Marianda Co, Germany) where a known volume of sample is acidified, converted to CO 2 , with evolved CO 2 extracted from the seawater sample using an inert gas (i.e., ultra-highpurity nitrogen), and detected coulometrically (Dickson et al., 2007) . On the ICESCAPE 2011 cruise, a small-volume (∼ 1 mL sample size) DIC analyzer was used to analyze replicate DIC samples with a precision of ∼ 1-1.5 µmol kg −1 (∼ 0.05 %), with the instrument based on non-dispersive infrared (NDIR) detection (AIRICA; Marianda Co, Germany). Both TA and DIC measurements were routinely calibrated using seawater Certified Reference Material (CRM; supplied by A. G. Dickson, Scripps Institute of Oceanography), and compared to well-characterized Sargasso Sea surface and deep water . Such CRM analyses provided quality assurance for these observations (Dickson et al., 2007) and ensured that the accuracy of TA and DIC compared to CRM's was within 0.1 % (2 µmol kg −1 ).
Data computations and visualization
Seawater CO 2 -carbonate system parameters, including pCO 2 (µatm), aragonite and calcite and pH (total scale), were computed using CO2calc software (Robbins et al., 2011) and salinity (S), temperature (T ), TA and DIC data. The carbonic acid dissociation constants pK 1 and pK 2 (Mehrbach et al., 1973 , as refit by Dickson and Millero, 1997) were used for these computations. We estimated the calculation error range for aragonite and calcite to be ± 0.02 (assuming a DIC and TA analytical error of ±2 µmol kg −1 ). The DIC/TA pair was also used to calculate pCO 2 , pH, aragonite and calcite for the 2002-2004 SBI data reported by . A total of 2103 samples provided pCO 2 , pH, aragonite and calcite values, with 1657 from the shelf (i.e., seafloor less than 100 m deep), 186 from slope waters (i.e., seafloor between 100 m and 200 m deep), and 260 from basin waters (i.e., seafloor from 200 m to > 3000 m deep). Of these, 389 were surface samples and 352 bottom-water samples (i.e., closest water to the seafloor in water depths less than 200 m).
Ocean Data View 4 (ODV; Schlitzer, 2011) software was used to visualize the physical and seawater CO 2 -carbonate chemistry data from the three cruises. Both composite scatter and contour plots of 2009-2011 data are shown in addition to cruise data from individual years. Surface data reported in the paper represented the uppermost Niskin sampler tripped at each CTD-hydrocast station, and reflect conditions in the upper part of the mixed layer (∼ 0-10 m deep). The bottom-water data represent samples typically within 5 m of the seafloor (deepest Niskin sampler tripped at each CTD-hydrocast station) at shelf and slope stations with water depths less than 200 m. On the western Arctic shelves, the bottom water was typically sampled at depths of ∼ 40-70 m, although deeper samples up to ∼ 180 m were shown in the slope waters north of the Chukchi Sea shelf (Fig. 1) . Data from the 2002-2004 Shelf-Basin Interactions project in the Chukchi Sea (e.g., Bates et al., 2005a, b; Bates, 2006) were also examined for comparison. Sea ice data were retrieved from the National Snow and Ice Data Center (Cavalieri et al., 1996 , updated yearly; http://nsidc.org/data/seaice/index).
Results
General observations from the 2009-2011 RUSALCA/ICESCAPE expeditions
The physical and biochemical conditions of the western Arctic Ocean are strongly influenced by northward transport of Pacific Ocean water through Bering Strait (Cooper et al., 1997; and freshwater runoff from Arctic rivers onto the shelves (e.g., Anderson et al., 2011) . The inflow of Pacific Ocean water (∼ 1 Sv during summer; 1 Sv = 10 6 m 3 s −1 ) from the Bering Sea into the Chukchi Sea through Bering Strait is comprised of three different water sources associated with the Alaskan Coastal Current (ACC), Bering Sea water (BSW) and Anadyr Current (AW) waters (Fig. 1) . Outflow of shelf water from the Chukchi Sea shelf predominantly occurs through submarine canyons such as Herald Valley and Barrow Canyon (Fig. 1) , partly into the Canada Basin and partly eastward along the narrow Beaufort Sea shelf. There is also an episodic inflow (up to 0.1 Sv) into the Chukchi Sea from the East Siberian Sea shelf through Long Strait between Wrangel Island and the Siberian coast with the Siberian Coastal Current (SCC; Weingartner, 1999) . The residence time of shelf water present on the Chukchi Sea shelf is typically less than 6 months (computed from mean northward flow through Bering Strait of 1 Sv divided by volume of the Chukchi Sea shelf of ∼ 2.5 × 10 13 m 3 ). from ∼ 27 to 33; Fig. 2) . Waters of the halocline and deeper layers of the Canada Basin had low temperatures (∼ −1.8 • C in halocline waters to ∼ +1.8 • C in Atlantic layer water) and were saltier than shelf waters (> 33.5-34.5; Fig. 2a ), similar to earlier observations in the western Arctic (e.g., observations from the SBI project 2002 -2004 Bates et al., 2005a; Bates, 2006) .
Seawater CO 2 -carbonate chemistry variability across the western Arctic
Seawater CO 2 -carbonate chemistry was also highly variable across this region. Seawater TA and DIC concentrations from the three expeditions generally varied between 1400 and 2300 µmol kg −1 ( Fig. 2b ; DIC only shown in the paper). Surface water values typically ranged from 1850 to 2250 µmol kg −1 for TA and 1800 to 2200 µmol kg −1 for DIC with higher values across the Chukchi Sea shelf compared to the eastern East Siberian Sea, western Beaufort Sea and offshore in the Canada Basin (Fig. 2a) . The lowest TA and DIC concentrations were generally observed in Long Strait close to the coast of Siberia. These waters originate in the East Siberian Sea shelf and are carried eastward into the Chukchi Sea with the Siberian Coastal Current (Weingartner, 1999) . The low TA and DIC contents of the SSC waters result from considerable freshwater input from river runoff into the East Siberian Sea shelf and sea-ice melt (Semiletov et al., 2004) . Low TA and DIC concentrations were also observed on the western Beaufort Sea shelf, and likely reflect surface waters diluted with Mackenzie River freshwater outflowing onto the shelf and into the Canada Basin (Macdonald et al., 2002) . Subsurface values on the shelves and in the halocline of the Canada Basin ranged between 2150 and 2300 µmol kg −1 for TA and 2050 and 2250 µmol kg −1 for DIC (Fig. 3a) . . Surface seawater pCO 2 data are plotted in (A), (C) and (E), while bottom-water seawater pCO 2 data are plotted in panels (B), (D) and (F). Sea ice data were retrieved from the National Snow and Ice Data Center (Cavalieri et al., 1996 , updated yearly; http://nsidc.org/data/).
Surface pCO 2 and pH variability
Seawater pCO 2 and pH conditions across the western Arctic were highly variable, ranging from < 100 to > 900 µatm and 7 to 8.5, respectively (Figs. 2c, d, 3b and 4) . Surface waters had pCO 2 values (∼ 150-300 µatm) typically lower than atmospheric values (∼ 390-395 µatm) across much of the Chukchi Sea in the period of 2009 (Arrigo et al., 2012; Fig. 4c, e) west of Hanna Shoals (Fig. 1) . These values represent some of the lowest seawater pCO 2 values observed anywhere in the global ocean. Seawater pH ranged from 8.2 to 8.4 in most surface waters (Fig. 2d) . The exceptions were waters with high pCO 2 (> 600 µatm) and low pH (7 to 7. high seawater pCO 2 values (∼ 500 to ∼ 1500 µatm) previously observed in the near-shore bays and estuaries of the East Siberian Sea (e.g., Tiksi Bay) and Kolyma River outflow (Semiletov et al., 1999 (Semiletov et al., , 2007 Pipko et al., 2011) .
Subsurface pCO 2 and pH variability
Subsurface seawater pCO 2 had higher values (∼ 350− > 900) and low pH values (∼ 7.3-7.8 ) when compared to surface waters (Figs. 2c, d, 3b, and 4b, d, f) . Seawater CO 2 -carbonate chemistry differences between surface and bottom waters were as much as 600-800 µatm for seawater pCO 2 and 1 to 1.5 for pH, respectively. This reflects strong physical stratification between the surface mixed-layer and subsurface waters. High seawater pCO 2 values greater than 400 µatm were observed in bottom waters close to the seafloor across the southern Chukchi Sea and East Siberian Sea in 2009 (Fig. 4b) , and in the northern Chukchi Sea in 2010 and 2011 (Fig. 4d, f) . Interestingly, low subsurface pCO 2 values (∼ 250-350 µatm) were observed at Bering Strait and southern Chukchi Sea shelf, presumably reflecting inflow of low-pCO 2 water from the Bering Sea shelf .
Saturation states of aragonite and calcite
The saturation states of calcite and aragonite are useful indicators of the status of ocean acidification on the western Arctic shelves. The values were highly variable with calcite and aragonite ranging from < 0.5 to 5.5 and < 0.5 to 4, respectively (Figs. 2e, f and 3c, d). In surface waters across the western Arctic, calcite and aragonite values were typically greater than 1 (Fig. 5a, c) . Across much of the Chukchi Sea shelf, calcite and aragonite values ranged from 3.5 to 5 and 2 to 3, respectively ( Fig. 5) , with surface waters highly oversaturated with respect to CaCO 3 minerals. Elsewhere, calcite and aragonite values were lower in the westernmost Chukchi Sea and eastern East Siberian Sea shelves, ranging from 2 to 3 and 1.5 to 2, respectively ( Fig. 5) , with lower values in Long Strait. The low calcite and aragonite values observed in the East Siberian Sea shelf were not unexpected given that ESS surface waters have high seawater pCO 2 (and low pH) values. The high seawater pCO 2 of surface waters (and low pH and values) have been attributed primarily to the remineralization of terrestrial organic matter (introduced to the ESS from Siberian rivers; e.g., Anderson et al., 1990 Anderson et al., , 2009 Cauwet and , values in (C) and (D) are differentiated by color (i.e., < 1.0 is shown as purple; 1.0-1.2 as deep blue, 1.2-1.5 light blue, 1.5-2.0 as light green, and > 2.0 as dark green). In (B), (C), and (D), the number of samples (i.e., n of sample within the depth horizon) that comprise each binned depth horizon is given in the right-hand corner of each depth bin, replicating n values given in Table 1. 1996; Kattner et al., 1999) , and marine-derived organic carbon back to CO 2 .
Surface waters
In Fig. 6 , we show the variability of aragonite against depth for shelf and slope waters (i.e., bottom depth from 100 to 200 m) of the Chukchi Sea, but also compared to waters sampled in the Canada Basin. For shelf waters, the mean aragonite of surface waters (i.e., 0-15 m) was ∼ 2.1 ± 0.6, decreasing with depth to < 1.2 below ∼ 40 m deep (Fig. 6a) . Although not shown, a similar profile of calcite exhibits a similar vertical profile with values ∼ 0.6-0.8 higher. The range of surface aragonite values was large, reflecting variability of aragonite and calcite across the region (Fig. 7) . For example, relatively high surface aragonite values (> 2) were evident in the central Chukchi Sea compared to the western Chukchi Sea and East Siberian Sea (Fig. 7c ). More than 60 % of shelf surface samples had aragonite values of > 2 (Fig. 6b ). In the slope regions (i.e., 100-200 m water depth) of the Chukchi Sea shelf, the mean surface aragonite was lower than shelf waters at ∼ 1.6 ± 0.4, but these waters also exhibit a decrease in aragonite with depth to < 1.2 (Fig. 6a ). Compared to shelf waters, only ∼ 20 % of slope water samples had aragonite values of > 2, while there was a greater proportion of aragonite values less than 1.5 (Fig. 6c) .
In contrast to the surface and slope waters of the Chukchi, East Siberian and western Beaufort shelves, surface/mixedlayer water values in the Canada Basin were close to 1 to 1.5 for calcite and even below 1 for aragonite. The mean aragonite of surface waters (i.e., 0-20 m) was ∼ 1.2 ± 0.2 (Fig. 6a) . Nearly 50 % of polar mixed-layer waters sampled had aragonite values less than 1.2, and ∼ 20 % below 1 (Fig. 6d) . Unlike shelf and slope waters, aragonite , which were ascribed to contributions of high-pCO 2 and lowpH/ sea-ice melt waters and freshwaters from the Mackenzie River.
Subsurface waters
The saturation states of calcite and aragonite in subsurface waters on the western Arctic shelves were much lower than surface water values (Figs. 6a and 7). Across much of the Chukchi Sea shelf, calcite and aragonite values ranged from 1 to 1.5 and < 1 to 2, respectively (Figs. 5b, d and 7). In many regions of the Chukchi Sea and East Siberian Sea, subsurface water had calcite values that were close to values of one while aragonite was often less than one. In shelf waters, > 50-60 % of subsurface waters sampled deeper than 40 m had values of less than 1.2 (∼ 30 % less than 1; Fig. 6b ). Subsurface waters of the East Siberian Sea shelf had low aragonite values (i.e., less than 1.2), and this is likely due to remineralization of organic carbon back to CO 2 (Semiletov et al., 2007; Anderson et al., 2010) . Similarly, in the northern Chukchi Sea shelf, the low values were co-located in those areas coincident with high rates of euphotic zone marine phytoplankton primary production and thus likely reflect subsurface remineralization of vertically exported organic carbon ( , and earlier during the 1990s (Jutterström and Anderson, 2005) , suggesting that this feature has persistence over the recent past.
Shelf and slope bottom waters
During the RUSALCA/ICESCAPE 2009 to 2011 expeditions, > 300 samples of shelf and slope bottom water nearest the seafloor were collected. The aragonite values for bottom water (Fig. 8 ) exhibited a similar vertical profile to that as shown for shelf waters in Fig. 6a . Shallow bottom waters had aragonite of > 1.5 (in SE Chukchi Sea and Kotzebue Sound), while nearly 70 % of bottom-water samples deeper than 20 m had aragonite of < 1.2 (mostly East Siberian Sea and the majority of Chukchi Sea). Of these, 40 % of samples had aragonite of < 1.0 (Fig. 8) . These data suggest that the shallow benthos (< 20 m deep) and areas strongly influenced by the Alaskan Coastal Current (i.e., shallow Kotzebue Sound; Fig. 1 ) have relatively high values (> 1.5), whereas elsewhere the deeper seafloor benthos is exposed to summertime undersaturation for aragonite. A caveat for interpreting potential area of the Chukchi Sea from Figs. 6 and 8 is that they represent % samples with proscribed values and thus do not reflect a realistic areal estimate due to spatio-temporal variability. However, Fig. 5 is shown with approximate areas of relatively high ( > 1.2) or low (i.e., < 1.2) values. The 2009 to 2011 RUSALCA/ICESCAPE data revealed that a substantial percentage of shelf waters sampled had values of aragonite less than 1 (Fig. 6 ) during the sea-ice-free summertime period. Nearly 70 % of bottom water had aragonite values of less than 1.2 and ∼ 40 % less than 1 (Fig. 8) . Previous observations in the period [2002] [2003] [2004] showed undersaturated bottom waters present on the northern slope of the Chukchi Sea ) rather than on the entire shelf as observed more recently. In 2002, ∼ 11 % and ∼ 3 % of slope waters had aragonite values lower than 1 sampled at 0-50 m and 50-100 m, respectively. In 2004, the % of slope waters sampled with aragonite values lower than 1 increased to ∼ 19 % and ∼ 14 %, respectively, for the 0-50 m and 50-100 m depths.
The comparison between SBI and RUSALCA/ICESCAPE data suggests that the occurrence of low-aragonite water has increased on the western Arctic shelf over the last decade. The caveat is that these data represent repeat summertime observations over just a few years and thereby cannot represent time-series sampling. It should also be noted that the 2002-2004 SBI sampled data primarily from the eastern Chukchi Sea, whereas the 2009-2011 RUSALCA/ICESCAPE expeditions sampled across the region into Russian waters of the Chukchi Sea and East Siberian Sea. Thus the aragonite difference between years may relate to differences in sampling location and a bias to sampling waters more influenced by Alaskan Coastal Current water (i.e., with higher aragonite as shown in Fig. 4) figure. In (B) , the number of samples (i.e., n of sample within the depth horizon) that comprise each binned depth horizon is given in the right-hand corner of each depth bin, replicating n values given in Table 1 .
In Table 1 , we compare mean aragonite values at different depth intervals for shelf (i.e., Chukchi Sea and East Siberian Sea), slope (i.e., Chukchi Sea) and basin waters (i. (Fig. 8) . This suggests that shelf bottom waters and the benthos between ∼ 20 and 50 m deep have been exposed to low aragonite values (e.g., < 1.2) during the last few years.
The mean aragonite of slope waters, primarily on the northern slope of the Chukchi Sea, also appears to have decreased by ∼ 0.1-0.5 in the upper 100 m, with similar aragonite values in deeper waters observed over the last decade (100-200 m; Fig. 6 ; Table 1 ). In Canada Basin waters, a similar aragonite decline of ∼ 0.2-0.5 was also observed in the upper 50 m, with little apparent change deeper in the water column (i.e., 100-400 m; Fig. 6 ; Table 1 ). The caveat to such assessments is that relatively few data were collected during the SBI expeditions and any comparison between years likely reflects changes associated with different sampling locations and seasonal timing of data collection, for example.
Surface enhancement and subsurface suppression of CaCO 3 saturation states
Previous observations in slope waters of the Chukchi Sea shelf during the SBI project between 2002 and 2004 ) showed a spring to summertime enhancement of values in surface waters and reduction of subsurface water , respectively, during the sea-ice-free period compared to "winter/early-spring" conditions under sea-ice cover. The seasonal divergence in values for summertime surface and subsurface waters of the western Arctic from winter/earlyspring conditions was suggested to result from changes in seawater CO 2 -carbonate chemistry imparted by seasonal biological processes such as primary production and respiration/remineralization of organic carbon, during the sea-ice retreat period . Similar interactions and feedbacks between biological processes and seawater CO 2 -carbonate chemistry have also been observed in other openocean and coastal environments over different timescales (e.g., diurnal to seasonal), including open-ocean waters of the North Pacific (Feely et al., 1988) , in subtropical coral reefs ecosystems due to CaCO 3 production and dissolution , and within anthropogenically perturbed estuaries , for example.
In the northern Chukchi Sea, the seasonal divergence and perturbation from winter/early-spring conditions of surface and subsurface was described as evidence for a phytoplankton-carbonate saturation state ("PhyCaSS") interaction . Similar seasonal interactions between biological processes and seawater CO 2 -carbonate chemistry have been observed on the Bering Sea shelf . In simple terms, the PhyCASS interaction is a variant model of the well-known biological pump of carbon with a focus on dynamics within a seaice-influenced shallow shelf rather than focused on DIC or pCO 2 variability. In shelf and slope waters of the northern Chukchi Sea, very high rates of marine phytoplankton primary production observed during the sea-ice-free period (e.g., Hill and Cota, 2005) results in reduction of seawater DIC and pCO 2 (e.g., Bates et al., 2005a Bates et al., , 2011 Pipko et al., 2011) through uptake of CO 2 by phytoplankton photosynthesis in surface waters. Seawater CO 2 -carbonate equilibria dictate that uptake of CO 2 via phytoplankton photosynthesis acts to increase the pH and of surface waters, with this process seasonally mitigating the long-term, cumulative reduction of pH and to the present day due to gradual ocean acidification on the slope waters of the Chukchi Sea ). In the western Arctic, summertime high rates of phytoplankton primary production also result in large vertical export of organic carbon to the subsurface and seafloor (e.g., Moran et al., 2005) and horizontal transport of organic carbon off the shelves into the deep Canada Basin (Bates et al., 2005b) . In the PhyCASS interaction, remineralization of organic matter back to CO 2 (which acts to decrease pH and ) in subsurface waters of the northern shelf and slope waters was invoked to explain the seasonal subsurface reduction of pH and in subsurface waters. On seasonal timescales, this biological process augments the reduction of pH and due to gradual ocean acidification with subsequent fall homogenization of the water column through mixing during the winter freeze-up "resetting" seawater CO 2 -carbonate chemistry to winter/early-spring conditions . In this study, as explanation for our observations collected during the RUSALCA and ICESCAPE projects, we expand on the PhyCaSS treatment and use a simple mass balance model to include other physico-biogeochemical processes that can impact seawater CO 2 -carbonate chemistry, including air-sea CO 2 gas exchange, and sea-ice melt and freshening. Potential changes in physico-biogeochemical conditions are discussed later in light of the apparent expansion of the low-bottom water in the western Arctic during the last decade.
Physico-biogeochemical processes that influence
As discussed above, physico-biogeochemical processes directly impact seawater CO 2 -carbonate equilibria, thereby modifying such parameters as DIC, TA, pCO 2 , pH and (e.g., Zeebe and Wolf-Gladrow, 2002) . Since this paper is focused on seasonal changes in , it is useful to plot (here aragonite ) against DIC and TA to show the relative direction of changes imparted by the dominant physico-biogeochemical processes in the western Arctic (Fig. 9) . In Table 2 ) with the caveat that the direction of aragonite change will alter slightly depending on starting point of seawater CO 2 -carbonate chemistry. The rationale for the choice of winter/early-spring condition is described later in Sect. 4.2.2.
aragonite changes are shown in Fig. 9 , but calcite changes could be similarly shown also. Another important caveat is that the plot of against DIC and TA shown in Fig. 9 cannot show all of the changes imparted by physico-biogeochemical processes (e.g., temperature and changes in CaCO 3 solubility with ionic strength), but these exceptions will be discussed later.
Those physico-biogeochemical processes that act to decrease DIC and pCO 2 , and increase pH and include the following: (a) photosynthesis or primary production (i.e., net community production, NCP); and (b) loss of CO 2 from surface waters due to air-sea gas exchange of CO 2 in those areas that are sources of CO 2 to the atmosphere (see Fig. 9a ). This assumes that temperature and salinity remain constant and that the latter process (i.e., air-sea CO 2 gas exchange) does not alter TA. The uptake of nitrate by phytoplankton photosynthesis increases TA (Brewer and Goldman, 1976) with the net result that aragonite (or calcite ) increases slightly by ∼ 0.01 per 1 µmol kg −1 nitrate uptake.
Those physico-biogeochemical processes that act to increase DIC and pCO 2 , and decrease pH and (i.e., assuming that temperature and salinity remain constant) include the following: (c) respiration or remineralization of organic N. R. Bates et al.: Summertime calcium carbonate undersaturation in shelf waters 5295 Fig. 9 . Contour plot of aragonite variability for a range of DIC and TA values observed in the western Arctic Ocean (primarily Chukchi Sea but also eastern East Siberian Sea and western Beaufort Sea) with the relative direction of changes imparted by the dominant physicobiogeochemical drivers in the region (shown by arrows). Nearly all RUSALCA/ICESCAPE aragonite data fall within the dashed line shown (surface waters, A, and subsurface seasonal changes, B). The directions of aragonite change imparted by physico-biogeochemical processes are shown for "typical" spring shelf water (TA = 2200 µmol kg −1 ; DIC = 2000 µmol kg −1 ; salinity = 33; temperature = −1 • C) with the caveat that the direction of aragonite change will alter slightly depending on the starting point of seawater carbonate chemistry. aragonite changes are shown in Fig. 7 , but calcite changes could be similarly shown also. Another important caveat is that the plot of against DIC and TA does not show all of the changes imparted by physico-biogeochemical processes (e.g., temperature and changes in CaCO 3 solubility with ionic strength), but these exceptions are discussed in the paper. The arrows denote direction of change due to individual/combined processes, but arrow length does not denote magnitude of change. Photosynthesis, primary production and loss of CO 2 from surface waters due to gas exchange increase . Calcification/dissolution of CaCO 3 , warming and cooling, and freshening of the mixed layer have minor impact on . Respiration, remineralization of organic carbon to CO 2 and gain of CO 2 by surface waters due to gas exchange decrease . n/a n/a n/a n/a 1978.5 n/a 2180.3 n/a n/a ACC 2010
+2 carbon back to CO 2 ; and (d) gain of CO 2 in surface waters due to air-sea gas exchange of CO 2 in those areas that are oceanic sinks of CO 2 from the atmosphere (Fig. 9a) . In the former process, regeneration of nitrate through remineralization of organic matter decreases aragonite (or calcite ) by ∼ 0.01 per 1 µmol kg −1 nitrate released. Other physico-biogeochemical processes can act in either direction, increasing/decreasing DIC, pCO 2 , pH and . These include the following: (e) freshening of the mixed layer due to sea-ice melt, precipitation, or riverine input (Fig. 9a) ; and (f) vertical mixing and diffusion, as well as horizontal mixing. Other physico-biogeochemical processes have relevance in the western Arctic but, as described later, are likely to have minor impacts on (and pH). They include (g) calcification and dissolution of CaCO 3 and (h) warming or cooling (for example, a 10 • C temperature change imparts a 0.1 change in , but since this does not change TA and DIC no arrow can be shown in Fig. 9a ). Calcification, in the absence of other physico-biogeochemical processes, decreases TA : DIC in the ratio of 2 : 1, thereby increasing slightly, with dissolution of CaCO 3 having the opposite effect.
Simple mass balance model for understanding seasonal changes in
Here, we construct a simple mass balance model to examine the primary causes for the short-term, seasonal perturbation in seawater CO 2 -carbonate chemistry from winter/earlyspring to summertime conditions during sea-ice retreat. It should be noted that this mass balance model examines mean changes in seawater CO 2 -carbonate chemistry to highlight the dominant and relative influence of physicobiogeochemical processes that are likely controlling in the shelf waters of the Chukchi Sea. It is not a detailed physicalbiological dynamic model assessment; both approaches have their advantages and disadvantages. We also show the longterm influence on in surface and subsurface waters imparted by ocean acidification due to anthropogenic CO 2 uptake (i.e., CANT ). Thus, superimposed on gradual changes in , cumulative to the present day, caused by ocean acidification, are seasonal changes influenced by the following.
In surface waters, the potential changes due to seasonal forcing on due to different physico-biogeochemical processes can be estimated by determining changes in DIC ( DIC SURFACE ) and values ( SURFACE ) from winter/early-spring to summertime conditions during the sea-ice retreat. Here, DIC SURFACE and SURFACE reflects the following: Conceptual model of seasonal changes in seawater CO 2 -carbonate chemistry on the western Arctic shelves. This hypothesized paradigm shows impact of ocean acidification and biological/physical processes on values for aragonite. It should be stressed that the changes shown reflect "seasonal" changes only (e.g., δ BIOL , δ GASEX , and δ TEMP ), while CANT the cumulative change in due to the emission of anthropogenic CO 2 from pre-industrial times to present (i.e., CANT ) is shown for comparison. In all three panels, bottom-axis J to D denotes January to December. The red or blue arrows denote increase or decrease in . (A) Annual schematic of changes in aragonite on shelf waters of the western Arctic Ocean. The sea-ice-free period is approximately 3-4 months. Shelf waters are well mixed during the sea-ice-covered period, with mixed layer developing in late spring due to warming and sea-ice melt, and erosion of the mixed layer in September-October due to convective mixing and homogenization of shelf waters during fall cooling and sea-ice advance. The δ OA , δ BIOL , δ GASEX , and δ TEMP terms are shown in the figure with general direction of forcing of . Fig. 11 . Winter/early-spring to summertime changes in surface water DIC ( DIC SURFACE ; grey) and ( SURFACE ; grey) using mean winter/early-spring to summertime changes in seawater CO 2 -carbonate chemistry values reported in Table 3 . The imbalance in both terms is shown in brown. (A) This panel shows the mean impact on DIC as described in Eq. (3) of δDIC BIOL (green), δDIC NO 3 (light green), δDIC TEMP (red), δDIC SALINITY (orange), δDIC SEAICE (purple), δDIC MELT (pink), δDIC GASEX (blue), δDIC VERTDIFF (cyan), and δDIC VERTMIXING (dark brown). The δDIC ADVECTION cannot be determined and likely contributes to the imbalance. (B) This panel shows the mean impact on as described in Eq. (4) of δ BIOL , δ NO 3 , δ TEMP , δ SALINITY , δ SEAICE , MELT , δ VERTDIFF , δ VERTMIXING , δ GASEX , and δ ADVECTION . The long-term change in DIC and due to anthropogenic CO 2 uptake is also shown for reference to the short-term, seasonal changes ( CANT , yellow).
following equations:
where DIC SURFACE and SURFACE are the changes in DIC and from winter to summertime, respectively. With detailed explanations later in the text, the terms in Eqs. (3) and (4) reflect changes due to net community production (i.e., δDIC BIOL ), nitrate uptake/release(i.e., δDIC NO 3 ), temperature (i.e., δDIC TEMP ), salinity (i.e., δDIC SALINTY ), sea-ice contributions (i.e., δDIC SEAICE ), under-ice melt contributions (i.e., δDIC MELT ), air-sea CO 2 gas exchange (i.e., δDIC GASEX ), vertical diffusion (i.e., δDIC VERTDIFF ), vertical mixing (i.e., δDIC VERTMIX ), and advection (i.e., δDIC ADVECTION ), respectively (Fig. 10) 
The terms in Eqs. (3) and (5) (0-20 m) ). Here, we use the seawater CO 2 -carbonate chemistry of shelf water from 35 to 40 m collected during the 2009-2011 RUSALCA/ICESCAPE expeditions as the best representative of remnant winter/early-spring water; it is cold (mean of −0.43 • C) and has a mean salinity of ∼ 32.6 and nitrate content of 7.9 ± 1.0 µmol kg −1 (Table 2 ). This remnant winter/early-spring water has physico-biogeochemical and seawater CO 2 -carbonate chemistry properties very similar to winter water observed on the shelf during spring 2002-2004 SBI cruises and summertime water present at 30-60 m deep during summertime SBI cruises (Bates et al., 2005a ; Table 2 ). The spring SBI observations were generally conducted under 90-100 % sea-ice cover and a well-mixed water column before substantial seasonal stratification. This winter/early-spring remnant is also present as Anadyr Water at Bering Strait.
In subsurface waters, the DIC SUBSURFACE and SUBSURFACE terms reflects the following:
where MEAN DIC (35-40 m) and are mean DIC and values at 35-40 m deep and MEAN DIC (50-70 m) and are mean DIC and values in the subsurface shelf layer ( Table 2 ). The physico-biogeochemical components that contribute to DIC SUBSURFACE and SUBSURFACE , given that air-sea CO 2 gas exchange, seaice melt and temperature changes are less important for subsurface waters given the capping of the water column and isolation from the mixed layer above, are expressed by the following equations:
We thus compare and contrast changes in DIC and in surface and subsurface waters to determine whether potentially corrosive subsurface waters are a signal of the Anthropocene (i.e., ocean acidification) that is compounded by natural physico-biogeochemical processes (Figs. 9, 10 ). Please note that the contribution due to long-term change in (or DIC) due to the uptake of anthropogenic CO 2 (i.e., CANT or DIC CANT ) superimposes its impact on short-term changes irrespective of season, and represents the cumulative impact on or DIC due to uptake of anthropogenic CO 2 up to the present day (see Sect. 4.2.6 for more detail). Many of the terms in Eqs. (3), (4), (5), (8) and (9) will also be relevant to the changes in chemical conditions from summertime to "winter/spring" that complete an annual cycle (Fig. 10) .
Potential physical and biological factors influencing seasonal changes in in shelf surface waters
In shelf surface waters of the Chukchi Sea, eastern East Siberian Sea and western Beaufort Sea, we use mean seawater CO 2 -carbonate chemistry values at different depth intervals (Table 1) to determine the terms in Eqs. (4) and (5) ( Table 2 ). The difference in DIC between winter/early-spring values and summertime surface values was ∼ 180 µmol kg −1 (Table 3) , and similar to previous observations during SBI (Bates et al., 2005a) . However, the salinity-normalized DIC change was only 75.7 µmol kg −1 (Tables 2, 3 ). Thus, the total change of DIC (i.e., DIC SURFACE ; salinity-normalized DIC changes) and ( SURFACE ) from winter/early-spring values to summertime values was −75.7 µmol kg −1 and +0.66 for for the mass balance model, respectively (Table 2 ). The negative value for DIC SURFACE reflects loss of DIC during the winter/early-spring to summertime period (positive value would be an increase in DIC). For the terms in Eq. (4) (and Eq. 9 that are discussed in Sect. 4.2.4; i.e., terms), we use mean observed DIC, TA, temperature and salinity data to first calculate using CO2calc (Robbins et al., 2011) and then recalculate using DIC or another physico-biogeochemical "perturbation" relevant to each term (i.e., δDIC BIOL ) in Eq. (5) (and Eq. 8 that is discussed in Sect. 4.2.4).
Net community production and nitrate influences on
The δDIC BIOL or δ BIOL term is the largest contributor to DIC and change in shelf surface waters. Marine phytoplankton primary production or net community production (NCP) during the sea-ice-free growing season reduces DIC (i.e., δDIC BIOL in Eq. 3) and increases values (i.e., δ BIOL in Eq. 4) (Fig. 10a, b) . In the Chukchi Sea, very high rates of marine phytoplankton primary production or net community 5300 n/a 0 δ SALINITY < +0.02 ± 0.02 +< 2 % δDIC SEAICE −27.9 +39.1 δ SEAICE < +0.02 ± 0.02 < +1.5 % δDIC MELT −13 ± 4 +12.6 δ MELT +0.07 ± 0.03
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nd nd(minor) δ ADVECTION nd nd(minor) Imbalance −0.85 0.14 B. Subsurface waters DIC SUBSURFACE +12.6 ± 10 SURFACE −0.13 ± 0.09 Table 2 ) to determine NCP rates and the δDIC BIOL /δ BIOL terms. Using Redfield elemental C : N stoichiometry of 6 : 1 and photosynthetic quotient C : O 2 ratio of 1 : 1.14, the mean NO SURFACE 3 and O SURFACE 2 changes of 7.38 µmol kg −1 and 49.25 µmol kg −1 equate to mean DIC changes of −44.3 µmol kg −1 and −43.2 µmol kg −1 , respectively. This DIC change is equivalent to the rate of NCP on the shelf or δDIC BIOL (Fig. 11a) . Assuming an average growing season of 60 days from wintertime to summertime observations, the δDIC BIOL term is equivalent to an NCP rate of ∼ 0.3 g C m −2 d −1 , which is lower than NCP rates estimated during the SBI project (Bates et al., 2005a) . If the phosphate difference between winter/early-spring water and surface summertime water (Table 2) , a PO 4 of 0.8 µmol kg −1 , was used rather than nitrate, then the δDIC BIOL term would be 84.8 µmol kg −1 and the NCP rate estimated at ∼ 0.5 g C m −2 d −1 . The δDIC BIOL term is negative, reflecting negative NCP or net autotrophy within the surface waters of the western Arctic shelves (i.e., Chukchi Sea) similar to previous summertime observations (Bates, 2006) . The computed δ BIOL term due to δDIC BIOL is +0.40 and has a standard deviation of ±0.48 ( Fig. 11b; Table 3 ) that reflects spatio-temporal variability in the rates of NCP on the shelf.
The uptake of nitrate by phytoplankton photosynthesis has an additional impact on since it increases TA (Brewer and Goldman, 1976) with the net result that aragonite (or calcite ) increases slightly by ∼ 0.01 per 1 µmol kg −1 of nitrate taken up for photosynthesis. Thus given that the NO SURFACE 3 value is 7.38 ± 5.2 µmol kg −1 , the nitrate uptake term increases aragonite by ∼ 0.07 ± 0.05 (i.e., δ NO 3 ; Fig. 11 ; Table 3). Combined, both the δ BIOL , which reflects rates of shelf NCP, and δ NO 3 terms contribute to the impact of biological processes on . Temperature and salinity had minor impact on . For example, seasonal warming of surface waters (δ TEMP ) during sea-ice retreat is computed to increase aragonite by ∼ 0.01 per • C. Given that the mean temperature increase exhibited between winter/early-spring and summertime surface water was 2.55 ± 2.39 • C (Table 2) , we estimate that temperature increased by ∼ 0.02 ± 0.02 ( Fig. 11b; Table 3 ). Compared to remnant winter water, mean surface water salinity was ∼ 6 % lower (Table 2) , which would increase by ∼ 0.02 ± 0.02 (i.e., if surface water was diluted with rainwater with zero TA and DIC end-member; δ SALINITY ) if we estimate physicochemical change imparted on by salinity alone.
Biogeosciences
Sea-ice melt influences on
We ascribe the observed changes in salinity to sea-ice melt rather than precipitation or river freshwater input. Mean precipitation of ∼ 6 cm (recorded at Barrow, Alaska) during the summertime would contribute negligibly to salinity changes (∼ 0.2 %; the dilution of DIC and TA by precipitation has minor impact on aragonite , i.e., increase of ∼ 0.06 per unit change in salinity), while the Chukchi Sea does not receive significant direct river input. During the 2009-2011 expeditions the 6 % reduction of surface salinity likely results primarily from sea-ice melt. Previous reports of % contribution of sea-ice melt to mixed-layer waters in the Chukchi Sea shelf, determined by δ 18 O-salinity relationships (e.g., Cooper et al., 1997) , were < 5-10 % in surface water during the 2002-2004 SBI project (Bates, 2006) . As described earlier, difference in observed DIC between winter/early-spring values and summertime surface values was ∼ 180 µmol kg −1 compared to salinity-normalized DIC change of only 75.7 µmol kg −1 (Tables 2, 3) . A 6 % reduction in salinity should reduce DIC and TA by ∼ 120 and 130 µmol kg −1 , respectively, which combined with salinitynormalized DIC changes (120+75.7 =195.7 µmol kg −1 ) is comparable to the mean observed change in surface DIC of ∼ 180 µmol kg −1 . However, the mass balance model (Eqs. 1 and 3) uses salinity-normalized DIC so the salinity only influence is explicitly excluded.
Unfortunately, δ 18 O-salinity measurements were not conducted during the 2009-2011 RUSALCA/ICESCAPE expeditions, but we can use TA as a proxy tracer for the contribution of sea-ice melt to seawater CO 2 carbonate chemistry to the shelf water changes in . Salinity-normalized alkalinity (i.e., nTA) values were ∼ 30 µmol higher in surface water compared to below the mixed layer across the shelf, and we use it as a tracer for determining the contribution of sea-ice melt to changes in DIC and (i.e., δDIC MELT and δ MELT ). Sea-ice melt waters of the western Arctic have DIC and TA values between ∼ 400 and 800 µmol kg −1 (N.R.
Bates, unpublished data from under-ice and above-ice melt ponds in the Chukchi Sea). We thus estimate that dilution of remnant winter water with 6 % sea-ice melt would decrease TA but increase nTA by ∼ 27.9 µmol kg −1 , similar to the changes observed in surface shelf waters (δDIC SEAICE ; Fig. 11 ; Table 3 ). Given that TA : DIC ratios of sea-ice melt water are close to 1 : 1, we compute the mean changes in DIC due to sea-ice melt (i.e., δDIC SEAICE ) was −28 µmol kg −1 . Since sea-ice melt also impacts TA, we estimated the net impact on was minor at < +0.02 (δ SEAICE ; Fig. 11 ; Table 3). However, TA and DIC data sampled from under-ice melt ponds during the 2011 ICESCAPE expedition indicate that the TA : DIC ratios were significantly higher than the mixed layer beneath, and than the above-ice melt pond water . This reduction in DIC relative to TA is most likely due to within-sea-ice primary production during the early growing season. We estimate that the contribution of under-ice sea-ice melt to seawater CO 2 -carbonate chemistry (i.e., δDIC MELT ) was equivalent to a loss of ∼ 9 to 17 µmol −1 of DIC (13 ± 0.04 µmol kg −1 ; Fig. 11a ; Table 3) or ∼ 0.07 ± 0.03 for (i.e., δ MELT ; Fig. 11b ; Table 3). It has almost equivalent impact on as nitrate uptake discussed earlier. Furthermore, reduction in ionic strength of seawater (and Ca 2+ ) will slightly decrease CaCO 3 solubility and at lower salinities (< 0.01) given the range of salinities observed during the RUSALCA/ICESCAPE expeditions (e.g., Butler, 1982) .
In contrast to shelf waters, as shown in Fig. 8d , the presence of aragonite values less than 1.2 (∼ 20 % less than 1; 50-55 % less than 1.2) in the upper 20 m of the Canada Basin waters likely indicates proportionately greater influence of sea-ice melt waters on seawater CO 2 -carbonate chemistry (Yamamoto-Kawai et al., 2009; Jutterström and Anderson, 2010) compared to shelf waters.
Gas exchange and mixing influences on
There are, however, counteracting processes such as gas exchange (i.e., δ GASEX ), vertical diffusion (i.e., δ VERTDIFF ) and mixing (i.e., δ VERTMIX ) that can act to decrease in shelf surface waters (Figs. 9-11 ). Previous estimates of air-sea CO 2 flux on the Chukchi Sea shelf ranged from 10 to 40 mmol CO 2 m −2 d −1 , depending on the magnitude and spatio-temporal variability of the air-sea pCO 2 gradient , and references therein). The flux (F ) of CO 2 between ocean and atmosphere can be estimated from the difference in pCO 2 between air and sea (i.e., pCO 2 ) and air-sea CO 2 gas exchange parameterizations (F = αK pCO 2 ; Wanninkhof, 1992 , where α is solubility of CO 2 in seawater and K is the gas transfer velocity). Given seawater CO 2 -carbonate chemistry of the winter/early-spring remnant water (Table 2) , we estimate this water had a mean seawater pCO 2 of ∼ 360 µatm, about 20-25 µatm lower than the atmospheric pCO 2 observed at 5302
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Point Barrow, Alaska (www.esrl.noaa.gov/gmd/obop/brw/). In contrast, surface summertime seawater pCO 2 had a mean of 195 µatm and a pCO 2 of ∼ 190 µatm, which indicates that the shelf waters have the strong potential to uptake CO 2 from the atmosphere. The mean wind speed in the region (May to August) was 10.5 ± 2 m s −1 , and we estimate airsea CO 2 fluxes using CO2calc (Robbins et al., 2011) . We used sea-ice maps produced by NASA to determine the % of open water during the 2009-2011 expeditions. There was ∼ 100 % sea-ice cover in mid-May with open water present by mid-July on the shelf areas. We thus use a 60-day period (with average 50 % open water) to compute air-sea CO 2 flux, which is estimated at ∼ 8.5 ± 2 mmoles CO 2 m −2 d −1 at the beginning of sea-ice melt in mid-May to a mean of 12.5 ± 3 by the beginning of August. Assuming that the CO 2 influx is integrated over the mixed layer (i.e., 30 m deep), we estimate that gas exchange increased DIC by ∼ 6 to 10.5 µmol kg −1 (i.e., δDIC GASEX , Fig. 11a ) and by ∼ 0.05-0.09 (i.e., δ GASEX = 0.07 ± 0.02; Fig. 11b ; Table 3). Please note that these terms reflect mean values and they do not reflect the spatio-temporal variability of pCO 2 and F . The uncertainty of the δ GASEX term is likely to be higher than 0.02, but as with the δ BIOL term, interannual variability is likely to impart greater variability in the δ GASEX term.
Vertical mixing and diffusion influences on
Vertical mixing (i.e., δDIC VERTMIXING /δ VERTMIXING ) or diffusion of CO 2 (i.e., δDIC VERTDIFF /δ VERTDIFF ) into surface waters could act to reduce aragonite of surface waters, but, again, strong stratification induced by freshening, sea-ice melt and warming would likely suppress any entrainment of high-pCO 2 , low-pH/ subsurface waters into the surface layer (Fig. 10) . Vertical diffusivity flux of CO 2 (i.e., δDIC VERTDIFF /δ VERTDIFF ) was estimated as the product of the vertical diffusion coefficient (K v ), DIC gradient (δDIC/δZ) below the mixed layer (i.e., vertical gradient in DIC below 30 m), and seawater density (Denman and Gargett, 1983 ) using an average K v of 30 cm 2 s −1 (Bates et al., 2005a) . We estimate that vertical diffusion across the base of the mixed layer increased DIC by < 1-2 µmol kg −1 and by < 0.02 (Table 3) . As shown in Fig. 10 , vertical mixing could also contribute DIC to surface waters, thereby lowering . This term is difficult to estimate since there are insufficient data on mixed-layer changes during the 2009-2011 RUSALCA/ICESCAPE expeditions. However, it is likely that this term is minor given that the summertime is a period of shoaling/detrainment and that the considerable density difference between surface and subsurface waters should have suppressed mixing on the shelf. Rather, cooling and deeper convective mixing beyond 25-30 m and homogenization of shelf waters occur later in the late-September to November period during rapid winter freeze-up, and sea-ice formation and brine rejection.
Other potential influences on
Other potential physical and biological factors have a minor or undetermined impact on . As shown in Fig. 7 , calcification or dissolution of CaCO 3 in surface waters was not likely to contribute to changes in given that pelagic calcifiers such as coccolithophorids (and CaCO 3 lith production) were not observed in the western Arctic during the ICESCAPE cruises (Arrigo et al., 2012; W. M. Balch, personal communication, 2012) . Pelagic pteropods, with aragonitic shells, are present in the western Arctic, but it is not certain if they have sufficient biomass and calcification rates to influence seawater CO 2 -carbonate chemistry. The shelly epi-and infauna, including benthic foraminifera of the Chukchi Sea shelf benthos, clearly produce CaCO 3 , but given summertime strong stratification, we assume that benthic calcification has minor impact on surface due to suppression of mixing (Fig. 10a ).
Imbalance of mean surface
As shown in Fig. 11 , our best estimates of terms in Eqs. (3) and (4) explain most of the winter/early-spring to summertime changes in seawater CO 2 -carbonate chemistry. The major terms that contribute to DIC SURFACE and SURFACE are due to NCP (i.e., δ BIOL ), nitrate uptake (i.e., δ BIOL ), sea-ice melt contributions (i.e., δ MELT ), and gas exchange (i.e., δ GASEX ). For DIC, no imbalance in the terms was found, but there was an imbalance for of 0.18 ( Fig. 11 ; Table 3 ). The largest uncertainty appears associated with determination of NCP rate and hence determination of δDIC BIOL /δ BIOL terms. Year-to-year variability in NCP would thus likely impart considerable variability in the actual δ BIOL term, but here we view the δ BIOL term in the mean or average sense. If we had used phosphate rather than nitrate to determine NCP, then the δDIC BIOL /δ BIOL term would have been much higher at 84.8 µmol kg −1 or +0.71, respectively, causing a much larger imbalance in terms of DIC and . During the SBI project, a transition from high C : N ratios to lower C : N ratios was observed in suspended particulate organic matter (Bates et al., 2005b) that suggests that the shelf waters were producing N-poor organic matter by summertime. Thus the NO SURFACE 3 term used to determine NCP and δDIC BIOL may underestimate both.
The air-sea CO 2 flux rates computed here were on the lower end of previous ranges reported for the Chukchi Sea (up to 40 mmol CO 2 m −2 d −1 ; . Using the higher rates of gas exchange reported (assuming that the summertime observations are at the mid-point of the seasonal CO 2 influx during open water), the δ GASEX term may be higher by ∼ 0.06 to 0.1. The contribution of other water masses with different seawater CO 2 -carbonate chemistry properties (i.e., δDIC ADVECTION /δ ADVECTION ) is an undetermined contributor to the mass balance model assessment. The inflow of Alaskan Coastal Current (ACC) water appears to bring high-water through Bering Strait into the Chukchi Sea ( values of 2.2; Table 2), while inflow of Siberian Coastal Current (SCC) water likely brings low-waters due to respiration and remineralization on the East Siberian Sea shelf (e.g., Semiletov et al., 2007; Anderson et al., 2010) . However, as estimated in Sect. 3.1, the residence time of water on the Chukchi Sea shelf is ∼ 6 months, and given the rapid (i.e., < 2 months) sea-ice retreat and biological responses (i.e., NCP) on the shelf, inflow of both ACC and SCC is likely to impact the southern part of the Chukchi Sea rather than the entire shelf. This advection term may contribute to the imbalance of the mass balance (i.e., Table 3 ), but we cannot evaluate its quantitative importance here (including uncertainty that advection may also contribute to changes in nitrate that were used to estimate the δDIC BIOL /δ BIOL /δ NO 3 terms).
Biogeosciences
Potential physical and biological factors influencing seasonal changes in in subsurface waters
During the SBI expedition, subsurface (50-100 m) decreased in 2002 and 2004 by 0.18 and 0.05, respectively, compared to surface waters . In comparison, the DIC SUBSURFACE and SUBSURFACE of subsurface waters (Eqs. 6 and 7) below 50 m deep increased by 12.6 µmol kg −1 and decreased by 0.13, respectively, during the 2009-2011 RUSALCA-ICESCAPE expedition compared to winter/early-spring water (Fig. 9b, Table 3 ). The increase in subsurface DIC and reduction in appears primarily due to the δDIC BIOL (+11.6 ± 4.4 µmol kg −1 ) and δ BIOL (−0.11 ± 0.03) terms. These terms were computed from the change in nitrate concentration between winter/early-spring water and subsurface waters of ∼ 1.94 ± 1.55 µmol kg −1 . The δ BIOL term is positive, which reflects a positive NCP value or net heterotrophy in the subsurface waters of the shelf. There was also minor contributions from vertical diffusion and mixing (Table 3) , but negligible/zero contributions from changes in temperature or contributions from sea-ice, sea-ice melt or gas exchange. As with surface waters, there is a small imbalance in the terms, with the largest uncertainty related to the standard deviation of the mean δDIC BIOL and δ BIOL terms. In summary, the decrease in subsurface appears related primarily to production of CO 2 and DIC. This must result from a combination of remineralization of sinking organic matter back to CO 2 , pelagic community respiration and benthic community respiration.
Imbalance in the δDIC BIOL and δ BIOL terms of surface and subsurface waters and winter resetting
The mass balance model also suggests that there is an imbalance of the δDIC BIOL and δ BIOL term for surface and subsurface waters of the western Arctic (i.e., Table 3 ). The differences between surface (0-20 m) and subsurface (50-80 m) δDIC BIOL and δ BIOL terms were 32.7 µmol kg −1 and 0.29, respectively. This imbalance is likely driven by unquantified terms such as the slow release of CO 2 from shelf sediments (due to remineralization of sedimentary organic carbon and benthic ecosystem respiration; e.g., Grebmeier et al., 2008) and offshelf horizontal export of organic carbon (Bates et al., 2005b) . The former process is likely to reduce in bottom waters during the wintertime sea-ice covered period when the water column on the shelf is well mixed. For the latter process, previous studies have shown large plumes of suspended particulate organic matter being transported off the Chukchi Sea shelf into the halocline of the Canada Basin (e.g., Bates et al., 2005b) . The implication of these observations is that the values of halocline waters in the Canada Basin are reduced from remineralization of shelf-derived, allochthonous organic carbon.
The proceeding mass balance model for surface and subsurface waters of the western Arctic shelves (i.e. primarily Chukchi Sea) reflects seawater CO 2 -carbonate chemistry changes associated with the winter-to-summertime seasonal transition. While we cannot explicitly define terms for the subsequent season (i.e., summer to winter), it is likely that strong mixing and water column homogenization during the winter freeze-up and sea-ice advance (in October and November) blends late summer surface and subsurface physico-biogeochemical conditions. Winter freeze-up thus likely "resets" seasonally imparted changes in pH and to "winter" conditions during the sea-ice cover until the next spring/summertime sea-ice retreat (as conceptually shown in Fig. 10 ).
The contribution of ocean acidification (δ OA ) to changes in the western Arctic
We estimate the present-day contribution of ocean acidification due to uptake of anthropogenic CO 2 (i.e., CANT ) as follows. Recent estimates of the global ocean inventory of anthropogenic CO 2 have been reported to range from ∼ 120 to 160 Pg C (Pg = 10 15 g C; Sabine et al., 2004; Khatiwala et al., 2009 ). In the Arctic Ocean, the inventory of anthropogenic CO 2 has been estimated at approximately 2.5 to 3.3 Pg C, or about 2 % of the global ocean inventory (Tanhua et al., 2009) . Pacific Ocean water entering the western Arctic has a reported anthropogenic CO 2 content of 30-40 µmol kg −1 of DIC (depending on water depth, residence time and Atlantic versus Pacific Ocean source of waters entering the Arctic region). Given the relatively short residence time of shelf waters in the western Arctic (∼ 6 months; Sect. 3.1), we assume that the anthropogenic CO 2 content of western Arctic shelf water reflects conditions in the North Pacific Ocean. Thus, we estimate that the anthropogenic CO 2 content of the upper ocean of the western Arctic shelf waters is approximately 30-40 µmol kg −1 of DIC. Stated another way, the mean DIC content of polar surface water is estimated to be 30-40 µmol kg −1 greater at present compared to preindustrial times, with the consequence of reducing pH and . Given salinity, temperature, DIC and TA values for surface to subsurface waters of the western Arctic shelves observed during summertime of 2009 to 2011, we estimate that ocean acidification due to anthropogenic CO 2 uptake has reduced values by ∼ 0.4 to 0.6 for calcite and ∼ 0.3 to 0.4 for aragonite since pre-industrial times up to the present day. Using the range of observed seawater CO 2 -carbonate chemistry, 40 µmol kg −1 of anthropogenic CO 2 is computed to decrease aragonite values from 0.33 to 0.39 (mean of 0.35 ± 0.02; Table 3). The uncertainty in the δ CANT term is likely to be ∼ 0.08 for calcite and ∼ 0.05 for aragonite given the uncertainty in North Pacific Ocean anthropogenic CO 2 content.
A schematic seasonal time series for aragonite is shown with δ CANT denoted by the dashed yellow line for both surface and subsurface waters ( Fig. 10b, c ; a similar time series for calcite is not shown but would be scaled by approximately 150 %). Superimposed on the long-term cumulative changes due to ocean acidification are changes in imparted by seasonal processes (e.g., δ BIOL , δ GASEX , and δ TEMP ) discussed in Sects. 4.2.3 and 4.2.4 (Fig. 10) . A final caveat is that while the long-term impact of ocean acidification can be shown in Fig. 10 , long-term changes in other factors such as salinity (changes in hydrology/freshwater input) and temperature (warming in the Arctic) are not shown but are likely to have longer-term effects on .
Compared to pre-industrial times, the mean values of bottom waters on the shelf appear to be ∼ 0.35 lower at the present time, with subsurface processes further reducing by ∼ 0.13 during the summertime sea-ice retreat. As described earlier in Sect. 3.5, nearly 70 % of bottom-water samples deeper than 20 m had aragonite of < 1.2 (mostly East Siberian Sea and the majority of Chukchi Sea), with 40 % of samples having aragonite values of < 1.0 (Fig. 8) . If the contribution of δ CANT is removed, it is likely that shelf bottom waters were not undersaturated with respect to aragonite during pre-industrial times, with perhaps only 10-30 % of bottom waters having aragonite values less than 1.5. Thus, it appears highly likely that the presence of corrosive waters on the western Arctic shelves is a recent phenomenon, a signal of the Anthropocene. Furthermore, on seasonal timescales, it seems that, while uptake of anthropogenic CO 2 and ocean acidification has cumulatively reduced subsurface water values close to a value of one, it is biologically mediated suppression of values that tips the balance and reduces values below a value of one (Fig. 7b) . Such seasonal transitions in that are compounded by natural biological processes have also been shown to occur in the Bering Sea shelf and in the East Siberian Sea ). In the 2002-2004 period, undersaturated bottom waters were only observed on the northern slope of the Chukchi Sea rather than across the entire shelf as observed more recently. Our observations from 2009 to 2011 suggest that lowbottom water has expanded across the shelves of the western Arctic Ocean. Arrigo et al. (2008) have shown significant increases in rates of summertime phytoplankton primary production (and a longer growing season) in surface waters across the Arctic over the last two decades. Model studies also suggest that coastal shelf phytoplankton primary production has increased over the last few decades (e.g., Manizza et al., 2013) . The ICESCAPE expeditions in 2010 and 2011 found extensive blooms of phytoplankton under the sea ice of the central Chukchi Sea (Arrigo et al., 2012) , and some of the lowest seawater values of seawater pCO 2 ever observed in the global ocean (i.e., < 100 µatm) have been measured in this area (e.g., Bates et al., 2011) . The implications of these studies are that if rates of primary production are higher in the western Arctic Ocean compared to other regions of the Arctic, then surface water enhancement of is likely as well as concomitant reduction of values in bottom waters present on the shelf. This presumably could be linked to increased vertical export of organic carbon and subsequent benthic respiration and remineralization. Potentially counteracting this phenomena is the likelihood that a longer growing season, lower surface seawater pCO 2 and expanded areas of seasonally sea-ice-free areas will enhance the uptake of CO 2 from the atmosphere through air-sea CO 2 gas exchange.
In the central basin of the Arctic Ocean, increases in surface seawater pCO 2 -and presumably reduction in -due to enhanced air-sea CO 2 gas exchange since the major seaice loss event in 2007 have been determined to have reduced the sink of CO 2 into surface waters over the last few years (Cai et al., 2010 (Cai et al., , 2013 .
It is evident that the geographic distribution and seasonal timing of seawater CO 2 -carbonate chemistry, pH and variability is rapidly changing in a transitioning Arctic Ocean. Ocean time-series stations show that the DIC content of surface waters is increasing at a rate of ∼ 0.7 to 1.0 µmol kg −1 year −1 (e.g., Bates et al., 2012; Tanhua et al., 2013) . Given our observations that 70 % of shelf bottom waters had aragonite values < 1.2, it is likely that at least 70 % of bottom waters will be undersaturated with respect to aragonite (i.e., aragonite < 1.0) for a few months each year within 20 to 30 years, with the caveat that other synergistic environmental impacts in the Arctic may enhance the mitigation of this reduction.
Potential impact on marine ecosystems
Considering the fact that aragonite and calcite are generally lower in the high-latitude regions , gradual ocean acidification in the future may have an earlier impact on polar and subpolar benthic calcifying organisms compared to temperate and tropical species (e.g., Doney et al., 2009; Mathis et al., 2011a) . The seasonal presence of potentially corrosive bottom waters for CaCO 3 may have a variety of direct impacts on juvenile to adult benthic calcifying organisms, and their associated ecosystems. For example, CaCO 3 undersaturation can be harmful especially in early development stages of calcifying organisms (Lischka et al., 2011) . Rapid changes in seawater CO 2 -carbonate chemistry of the Arctic Ocean might cause a decrease in diversity of calcifying organisms (both benthic and planktonic), with consequences for trophic flow/ecosystem structure (Walther, 2010) . The most recent study on mineralogy of skeletons of bimineralic calcifiers exposed to seawater high-CO 2 conditions showed increases of the calcite-to-aragonite ratio (Ries, 2011) , favoring calcitic organisms. Experimental calcification studies on Arctic Ocean pteropods (which secrete aragonite shells) showed a 28 % decrease in calcification projected for 2100 low-pH conditions (Comeau et al., 2009 ). The increased solubility of aragonite compared to calcite makes this form of CaCO 3 mineral more vulnerable to dissolution in waters with low pH values (< 8.0) and lower conditions (i.e., < 1).
As described in Sect. 3.5 and shown in Fig. 8 , the deeper benthos (< 20 m deep) appears to be more vulnerable to the impact of reduced brought about by ocean acidification and summertime suppression of . In contrast, the shallow benthos of the western Arctic shelves may be more resilient, with summertime enhancement of offsetting long-term reduction by ocean acidification. Given the relatively high of shallow water (> 2.0) on the western Arctic shelves, it may be more than a century before the shallow benthos experiences undersaturated water conditions. Over the next few decades, a pronounced benthic community zonation with respect to depth and conditions is likely, as is deeper parts of the Chukchi Sea shelf exhibiting reduced calcification (and presence of shelly fauna) due to unfavorable seawater chemical conditions. Given that the seawater CO 2 -carbonate chemistry of the Arctic Ocean is controlled by complex physical and biological processes that are vulnerable to future environmental change (Kaltin and Anderson, 2005) , quantifying the responses of calcifying organisms to ocean acidification and seasonally changing aragonite is of great importance for the future (Orr et al., 2005; Walther et al., 2009; Comeau et al., 2009; Smith, 2009; Lischka et al., 2011) .
Conclusions
Previous models predict that undersaturation with respect to aragonite will occur in the polar mixed layer of the Arctic by 2016, with the polar shelves transitioning later this century (Steinacher et al., 2009) . Observations have shown previously that the polar mixed layer in the Canada Basin (Yamamoto-Kawai et al., 2009 ) and small areas of the Chukchi Sea shelf already exhibit values less than one. In this study, we find that ∼ 40 % of bottom-water sampled had aragonite values less than 1.0 and ∼ 70 % less than 1.2. Thus large areas of the shelf in the western Arctic are seasonally exposed to bottom waters that are undersaturated with respect to CaCO 3 minerals and thus potentially corrosive for biogenic or sedimentary CaCO 3 . Our results suggest that the area of undersaturation for aragonite and even calcite has expanded to most of the western Arctic shelf over the last decade, but sustained time-series observations are needed to confirm this suggestion.
The potential causes for these changes in seawater CO 2 -carbonate chemistry in the western Arctic relate to ocean acidification and seasonal biological/physical processes in the region. Ocean acidification due to anthropogenic CO 2 uptake is estimated to have reduced values by ∼ 0.4 to 0.6 for calcite and ∼ 0.3 to 0.4 for aragonite since pre-industrial times. However, superimposed on the ocean acidification influence on are seasonal physico-biogeochemical processes that drive values in different directions for surface and subsurface waters. As such, these processes mitigate and enhance the impact of ocean acidification seasonally in surface and subsurface waters, respectively. Future changes in values on the western Arctic shelves appear unpredictable due to uncertainties about the extent of sea-ice loss, warming, changes in marine phytoplankton production and airsea CO 2 gas exchange in the region. Expansion of the areas that are sea ice free and have increased surface water warming and an increased growing season may synergistically facilitate future increases in marine phytoplankton primary production/NCP that in turn could exacerbate subsurface suppression of values due to increased vertical export of organic carbon. Counteracting this may be increased air-sea CO 2 gas exchange in the region (due to longer seaice-free periods and increased marine phytoplankton primary production/NCP) that would act to increase values. Such predictions are difficult to make given that air-sea CO 2 gas exchange rates appear to be rapidly changing in the Arctic Ocean ). The deep Arctic Ocean basins (Canada and Eurasian basins) and surrounding shallow coastal seas (e.g., Barents, Laptev, Kara, East Siberian,
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Chukchi, and Beaufort seas, and Canadian Archipelago) constitute only ∼ 4 % of global ocean area . In the last couple of decades, the summertime retreat of summer sea ice from the Arctic polar shelves due to enhanced melting has exposed surface waters to the atmosphere and allowed the shallow coastal seas of the Arctic Ocean such as the Chukchi and Barents Sea (and Bering Sea) to become significant sinks for atmospheric CO 2 (Murata and Takizawa, 2003; Bates, 2006; Chen and Borges, 2009) . Such changes may have temporarily increased the ocean uptake of CO 2 into the Arctic (Bates et al., 2006) such that the Arctic Ocean now contributes approximately 5-14 % of the annual global CO 2 uptake ) and as a consequence suppressed values on the shelves. However, since the major sea-ice loss event in 2007, observations indicate that the Arctic may have transitioned back to a smaller sink for CO 2 (Cai et al., 2010 (Cai et al., , 2012 with potentially less impact on , illustrating the dynamic and rapidly changing nature of the Arctic environment.
In this study, we have not addressed any observed impact on benthic organisms or ecosystems, but it is clear that the combination of ocean acidification and seasonal physicobiogeochemical processes combine to seasonally produce conditions that are potentially unfavorable for calcifying organisms and merit future monitoring of the western Arctic shelves.
